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SUMMARY 

The procedure for designing a S-^-sUige turbine to drive the fan of an integral lift 
engine is presented. The conditions imposed by the eagine result in a turbine «-ith low 
blade speed, high stage loading factor, a moderately high specifie-mass-flow require- 
ment. and an outlet radius ratio of 0. 5. 

The »irr* stage o'" the fan-drive turbine (which was initially designed to accommo- 
date the flow ccndicions out of the high-pressure turbin;^ was modified to operate with 
a.xial inlet conditions by removing the prewbirl vanes and cutting back the leading edge 
of the stato: blades. This stage was investigated as a single-stage turbine in cold air. 
The highest efficiency obtained at the design stage loading factor was 0. 87, which w'as 
indicated at 116 percent of design speed and a total-pi«ssure ratio of 1. 415. Hiis effi- 
ciency was b. 012 lower than that estimated by a reference prediction method. This re- 
sult coir cided closely with that obtained i'rom a similar type single-stage reference 
turbine when compared at the same Reynolds number. Hie highest efficiency obtained 
for the turbine was 0. 89 at 120 percent design speed and a total-pressure ratio of 1. 27. 
A peak efficiency was not defined by the range of test conditions. 

The ctficiency at design specific work extraction and design speed was 0. 358. The 
mass flow at this condition was 1.05 times the design value, and this excess mass flow 
indicated the desirability of a blading adjustment. It was determined from the velocity 
diagram that was constructed from the ''xperimental data that the flow was undenumed 
in the stumor blade row and the rotor blade row by 1.4® and 1.7®, respectively. 



INTRODLCTION 


In recent years interest has increased in lift-fan engines for vertical and short 
takeoff and landing (VSTOL) aircraft. The NASA Lewis Research Center conducted a 
stud> to evolve die preliminary' engine geometry and evaluate an integral lift engine for 
this t^pe of application; the results are reported in reference 1. The plnsical features 
desired for this ^'pe of ^igine aie compactness, lightweight, and a high ratio of thrust 
to ^igine and fuel wei^t. A requirement imposed on this engine b\' noise ccmsidera- 
tions is that the fan tip speed must not exceed approximately 305 meters per second 
(1000 ft/sec). The combination of this requirement and the engine geometry restne- 
tions results in a fan-drive turbine that must develop its power at a relatively low blade 
speed. The fan-drive turbine must then be designed either with a few stages (e. g. , 

3^ haling a high stage luuding factor (ratio of change in tangential velociU* to blade 
speed) or with a large number of stages (e. g. , 9 or 10) iiaving conventional stage load- 
ing factors. 

This report describes the design of a low-pressure «or fan-drive) turbine that was 
ei-olved for an integnil lift engine. The aeixxh'namic design was perfonried to generate 
the blades for the three turbine stages, the inlet prewhirl vanes, and the outlet turning 
innes. The turbine mechanical design was conducted, and the turbine blading and cas- 
ing pieces \.'e.x* fabricated. The tuihine was then modified to operate with axial inlet 
conditions to the first stage by removing the prewhiii vanes and cutting back the leading 
edge of the interstage stators. This modification was made in order to give the per- 
formance results u more general significance and to make them comparable with those 
obtained with other turbines designed with high stage loading factors. Hie modified 
first stage was ihen investigated in cxild air as the initial phase of the turbine perform- 
ance investigation. The nominal inlet conditions of pressure and temperature were 1 33 
atmospheres and 3T8 K (U80® R). respectively. The turbine was operated at 80. 90. 

100. 110, and 120 percent of design speed over a wide range of total-pressure ratio 
(braketing design total-pressure ratio) at each speed. In addition to the turbine design 
procedure, this report presents the performance results obtained witli the first stage. 
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A area. ni“; ft“ 

C blade chord, cm 

g lorcc'-mass converaion consuint, 1; 32. 174 It, see' 
h specific cntlialpy. J/g; Btu/lb 
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blade leagtli, cm 
rotative speed, rpm 

9 p 

absolute pressure, N/m ; Itv^ft 

gas constant for mixture of air and combustion products used in this investiga- 
tion, 288 J/(kg)(K)i 53.527 (ft-lb)/(lb)(°B) 


stage reaction, change in static enthalpy acioss rotor Uade row divided by- 
stage total enthalpy change; for first stage m “ ^ m)/ 

4^Vi-2) 

^ m 

blade row reacticm, diange in kinetic energy across blade row normalized by 

\2 


outlet kinetic energy; for first-stage rotor R„ ^ 1 




radius, cm 

Uade ^cing or pitch, cm 
temperature, K; ^ 

Uade velocity, m/sec; ft/sec 

absolute gas vUocity, m/sec; fi/sec 

gas velocity relative to moving blade, m/sec; ft/sec 

mass-flow nite (sum of fuel and air), l^sec; Ib/sec 


Zweifel loading coefficient; for first-stage rotor Z= [2 cos ^2 m 


absUute gas flow ang^e measured from axial direction, deg 

average absolute gas flow ani^e at turbine outlet, measured as average devia- 
tion from axial direction irrespective of sign; used in eq. (?), d^ 

relative gas flow angle measured from axial direction, d^ 

rotor Uade turning angle 

ratio of specific heats, 1.398 for mixture of air and combustion products used 
in this investigation 

ratio of inlet total pressure to U.S. standard sea-levU pressure 

, r -,v/(y-l) 
function of y, (0.73959/y) (y + 1)/2| 
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r« efQciency based on total-pressure ratio 

0^^ squared ratio of critical velocity at turbine inlet to critical velocity of U.S. 
sta dard sea-level air 

T torque, N-m; ft-lb 

Subscripts: 

cr condition at Mach 1 

h turbine hub section 

m turbine mean section 

t turbine tip section 

u tangential component 

X axial conq>onait 

0 station at turbine inlet (see fig. 9(a)) 

1 station at stator outlet on velocity diagram 

2 station at rotor outlet on velocity diagram 

3 staticm at turbine outlet (see fig. 9(a)) 

Siq>erscr4[>t: 

' total state 


TURBINE DESIGN 

A candidate integral lift engine of 44 482-newtcxi (10 000-lb) thrust \\*as selectr d 
from a parametric conq)uter-pio!? rammed study encompassing many ^gine cycle varia- 
tions, componoit arrangements, and (^rational limitatimis. The computer program 
selected the number of turbine stages, determined a turbine component efficiency, and 
defined the turbine operational requirements, envelope geomctiy (maximum diameter 
and length), average stator outlet flow angle, and inlet and exit radius ratios. The sub- 
ject turbine was designed to meet the operational requirements and to fit within or 
closely ajqproximate the geometric limitations from the program. 
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Design Requirements 


The requirements of the 3-^-stage fan-drive turbine at engine operating conditions 


are as follows: 

Specific woric. Ah, J/g; Btu/lb 180.16; 77.384 

Mass flow, w. kg/sec; Ib/sec 26.23; 57.83 

Mean blade speed, U^, m/sec; ft/sec 122.9; 403.1 

Mean diameter (all stages) , m; ft 0.498; 1.634 

Inlet total temperature. TJj, K; °R 1014.3; 1825.7 

Inlet total pressure, p|^, atm 2. 6104 

The equivaloit requirements for the same size turbine are s foUcr.'s: 

Equivalent specific w'Otk ou^Hit, Ah/0^^, J/g; Btu/lb 52.248; 22.445 

Equi\'alent mass flow, cw kg/sec; Ib/sec 19.128; 42.17 

Equivalent mean ^lade speed, m/sec; ft/sec 66.17; 217.1 


These requirements result in a low-speed tui'bine with a hi^ stage loading factor (ratio 
of change in tangential velocity to blade speed. AV^./t?) of iqqiroximately 4 

The turbine geometry- evolved in the design procedure was used in the mechanical 
lai'out and weight stud}* of reference 1. The engine of reference 1 was scaled to in- 
crease the thrust to 1. 25 times that of the can Udate engine; therefore, all the turbine 
dimensions in reference 1 are 1.118 times those of the subject turbine. 


Stage Work %>lit 

An equal stage work split was considered desirable for the subject turbine for the 
following reasons: The inlet velocity diagram of the first stage is not significantly dif- 
ferent from those of the second and third stages since it follows the hig^-pressure (HP) 
turbine in the engine. Also, there is no requirement for the tliird stage to operate with 
zero or limited exit whirl since it is followed by the outlet turning vanes. Finally, be- 
cause the Mach number level in the turbine is low and the critical velocify does not 
change considerably from inlet to outlet, there is no reason to consider an equal equiva- 
lent work split, which is sometimes used to equalize Mach number among stages. 
Therefore, an equal stage work split was used, and the velocity diagrams at the mean 
radius were idaitical for the three stages. 
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Efficiency EstimaticMi 


The estimation of the efficiency of the turbine stages is an essential part of any 
design procedure. The woridng fluid total state determination at the various stations 
throughout the turbine is required to size the flow area properly. At the time this tui> 
bine was being designed there were no reliable experimaital data on efficiencies of 
large aircraft turbines with high stage loading factors. Smith's curve (ref. 2, e. g. ) 
shows no data above a stage loading factor of 2. 4 and only a few points above 2. 0. In 
the work of reference 3 a procedure was derived to predict the efficioicies of turbines 
that have hi^ stage loading factors. This method consisted of determining each blade 
row loss as the product of an empirical loss coefficient and the average kinetic energy 
of the fluid relative to the V"de row. The loss coefficient was obtained from perfor- 
mance results of turbines that had conventional stage loading factors (1 to 2). The 
estimated efficiency trends obtained from this procedure are shown in figure 1(a). The 
^ici^cy estimaticn procedure used in the design of the select turbine was similar to 
that of reference 3 except that tiie loss coefficient was increased for ctmservative prac- 
tice, which resulted in the efficiency trends shown in figure 1(b). The estimated stage 
efficiency used in the design was 0. 819 (for all three stages), which resulted in an 
overall three- stage turbine efficiency 0. 829. The overall efficiency did not include 
the loss of the outlet turning vanes. 

In addition to stage efficiency, the distribution of loss within the stage between sta- 
tor and rotor components must be estimated. This was done by assuming that the frac- 
tion of total pressure lost in the stator blade row was equal to two-thirds of the fraction 
of relative total pressure lost in the rotor blade row. The corresponding total-pressure 
ratios for the stator and rotor blade rows were 0. 9777 and 0. 9665, respectively. This 
loss distribution assumption, which was based on past e:q>eilaice of correlating experi- 
mental and analytically predicted turbine performance data, was used to size the stator 
outlet flow area. 


V'elocit>’ Diagrams 

The velocity’ diagrams generated for the fan-drive turbine are showTi in figure 2. 
The velocity diagram for the HP turbine is included in the figure since the HP turbine 
outlet conditions are the inlet conditions of the fan-drive turbine. The subscript 1 de- 
notes the free-stream cemditions at the stator outlet, and the subscript 2 those at the 
rotor outlet. The mean radius diagiam is for a constant mean diameter, 0.498 meter 
(19.607 in.), while the hub and tip diagrams represent varying diameters. The hub and 


6 



tip diagrams are shown for the diameter corresponding to the blade outlet throat mid- 
point. 

At the mean radius the velocity diagram closely approximates a sjTnmetrical dia- 
gram. which is characterized by the relations /W 2 = and /a = -^ 2 ) - The stage 

> 'III ' 'in 


i-eaction Rg^g of the fan-drive turbine was increased slightly from that of a symmetri- 
cal diagram, so that 2 ~ f and 2 “ 1-015 . The radial 

\-ariation of the veloci^' diagram was determined from the free-vortex relaticMis of con- 
stant axial velocity and absolute tangoitial velocity varying inversely with radius. The 
velocity diagram of the fan-drive turbine does not pose any particularly severe prob- 
lems such as high relative Mach number or excessive blade turning. The I'eaction 
across the blade secti(»s is reascxitdily hig^ except in the first-stage stator tip sectitHi. 
The most unusual feature of the diagnram is the low' blade speed, or the high ratio of 
tangential velocity riiange to blade speed. 


Blade Design 

The objective of the blading design evolved to fit the velocity diagram of figure 2 
was to obtain a lightweight turbine withiit the diameter and length allotted for this com- 
ponent. The blade rows, exc^t for the first-stage (or interstage) stator, had average 
axial chords of 2. 8 to 3. 0 cratimeters (1. 1 to 1. 2 in. ) and resulting aspect ratios from 
3.6 to 5.8. The first-stage stator was conceived as an ^gine frame (ref. 1) as well as 
a transitional stator and had Icmger chord airfoils. The number of blades was deter- 
mined by selecting Zweifel loading coefficients (refs. 4 and 5) of 0. 8 for the stators and 
0. 9 for the rotors. Tlie stator blade axial chord was varied linearly with radius, and 
il'.e result w'as a Zweifel loading coefficient that was nearly ccmstant with radius for all 
toree stator blade rows. A similar attempt to equalize the blade loading coefficient 
with radius for the rotor blading would have resulted in an inverse taper; that is, the 
largest axial chord would have occurred at the tip radius. Thus, a constant axial chord 
was used for all three rotor blade designs because of mechanical considerations. 

The blade section staddng procedure is described in the section Blade Section 
Stacking. However, part of the stadiing information must be known or assumed for the 
design procedure. First, the relative axial position of the three sections must be avail- 
able to be used as input to the design procedure. Second, the blade must be essentially 
radial (without tongoitial lean) so that the assumption tliat the blade exerts no radial 
force on the fluid is valid. 

The bluJe channels w'ere laid out at constant radii at hub. mean, and tip secticMis. 
CurvtKl suction surfaces we.»'e used upstream and downstream of the guided blade 
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channel . The blading inlet and outlet chaimel orthogonals were determined from the 
free-stream conditions by using continuily and constant angular momentum relati<Mis as 
discussed in reference 6. The blading channels had a conventional generally c<mvergoit 
area variation, as shown in figure 3 for two typical sections. The design method was 
quasi>three>dimensional and is described in referoices 6 and 7. The velocity distribu- 
tions for the blading are shown in figure 4, and the bla'^ing passages and profiles are 
shown in Hgure 5. The flow path projection in the radial-axial plane is represented in 
figure 6, where the low radius ratio at the turbine outlet (0.497) can be se^. 

Prewhirl Vanes and Outlet Turning Vanes 

The prewhirl vanes were required to simulate the flow cmrditions out of the HP tur- 
bine. The outlet turning vanes were necessary to convert the whirl velocity out of the 
diird stage to axial velocity for useful thrust. Both sets of vanes were designed by using 
reference 8 as a guide. The outlet guide vanes were designed with a diffusion ffictor 
(ref. 8) of 0.4 at the mean radius. Double-circular>arc airfoils were used that had a 
circular-arc mean camber line and a maximum thickness of 0. 095 of the camber line 
length. Carter's rule, as discussed in reference 8, was used for the deviation an^e. 

The prew'hirl vanes were also double-circular^arc airfoils with a circular-arc 
mean camber line. The design procedure was similar to that for the outlet turning 
vanes, except that a Zweifel coefficient was used to select the solidity rather than a dif- 
fusion factor. 


Blade Section Stacking 

All the blading was defined by the section geometry at c<»istant radii corresponding 
to the hub, mean, and tip diameters of the blade rows. The ! -;ade was formed by posi- 
tioning tlie three sections and fairing a smooth surface through them. The stator blade, 
prewhirl vane, and outlet ui»''ung vane sections were positioned so that the centers of 
their trailing edge circles lay on a radial line. The rotor blade sectio»:s were posi- 
tioned so that the line connecting their leading edges and the line connecting their trail- 
ikig edges lay in planes that were perpendicular to the axis of rotati«i. The sections 
were adjusted tangentialh' to position their c«itroids in approximately the same radial- 
axial plane. Because of the low operating blade speed and low blade stress level, an 
outer shroud was incorporated into the rotor blade designs to minimize the blade row 
end losses. A number of features of the blading design are listed in table I. The stage 
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reaction ^ 3 ^ for all three stages is 0. 54. The blade sectioi coordinates are listed in 
table n. 


FIRST-STAGE MODIFICATION 

The 3-^-stage turbine was initially conceived as a component of an integral-lift m- 
gine with prewhiii vanes to simulate flow cmiditions out of the HP turbine. While the 
turbine parts were being fabricated, two turbines were being investigated under cmitract 
(refs. 9 and 10). These cmitract investigations involved a three-stage turbine with an 
average stage loading factor of 3 (ref. 9) and a 4-^-stage turbine with an average stage 
loading factor of 5 (ref. 10). Both of the reference turbines had axial flow entering the 
turbine. It was therefore decided to modify the subject turbine for axial inlet conditimis 
to make the results more comparaUe with those ofthe referoice tuibines and with those 
of future turbines with hig^ stage loading factors. This procedure would eliminate the 
variable of inlet whirl from the performance comparison. 

The first-stage stator was accordingly modified by cutting back toe leading edge to 
such a degree that the mean camber line was oriented in an axial direction. The pre- 
whirl vanes were removed, and toe inlet duct was altered to provide a smoother area 
change between toe tuibine inlet and the stator blade leading edge (see fig. 7). This 
turbine inlet configuration is far from ideal since it is long and it diffuses toe flow' and 
is therefore conducive to boundary layer buildup. It was, however, considered expe- 
dient to modify toe inlet in this manner rather than remachine toe large turbine inlet 
casing. The flow path failings toat were provided for sin^e-stage tests w'ere installed 
at the turbine outlet. The tlow pato of toe modified single-stage turbine configuration is 
shown in figure 7. The modified first-stage stator blade forms are shown in figure 8 (a). 
The velocify diag^^am and blade surface velocity distributions for toe modified blade are 
show'n in figures 8 (b) and (c), respectively. The modified first-stage stator geometiy 
is presented in table U(i). 

The efficiencies estimated in the design procedure for the initial turbine configura- 
tion were the following; stage efficiency, 0. 819, and overall three- stage turbine effi- 
ciency, 0. 829, as discussed previously. The estimated efficiency for the modified first 
stage was revised to 0. 857 (fig. 1(b)), since it operated as a first stage rather than an 
intermediate stage. This change in estimated efficiency would require a small reduc- 
tion in the blade row outlet areas for both toe stator and rotor blade rows; however, the 
blade setting angles were not changed, since this would erlail remachining the rotor as- 
sembly and the stator retaining rings. The equivalent performance requirements for 
the modified single-stage turbine were 
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Equivalent specific work output, J/g; BWlb 17.416; 7.482 

Equivalent mass flow, cw^^^e, kg/ sec; Ib/sec 19.128; 42.17 

Equivalent mean blade speed, m/sec; ft/se< 66. 17; 217. 1 

Total-pressure ratio based on efficiency of C . 857 1 . 290 


Some of the design features listed in table I for tl»e first-stags stator blade were al- 
tered tqr the geometry modification. For the modified fi? - . ts^t stator thei«e features 


were the following: 

Mean radius blade chord, C^, cm 4. 471 

Mean radius solidity, C^/S^ 1.572 

Aspect ratio, f/C^ 2.14 

Zweifel loading factor 0. 718 

Reaction 0.656 


APPARATUS, INSTRUMENTATICN, AND PROCEDURE 

The test facility was that described in reference 7. The modified sin^e-stage tur- 
bine test section is shown in figure 9(a). The researdi instrumentation is represented 
in figure 9(b). The 3-^ -stage turbine rotor assembly is shown in figure 10. 

The type of research data and the data acquisition methods are essentially the same 
as those described in reference 7 and are reviewed briefly in this section. Airflow was 
measured with a calibrated Dali tube, which is a special type of vnturi meter. Fuel 
flow to the turbine inlet-air heater was measured with a flat plate orifice. Both of these 
flow measurements required an upstiT-im temperature, an upstream pressure, and a 
characteristic diffemtial pressure, as specified by the flowmeter. The turbine mass- 
flow rate was determined as the sum of these two flows. 

Turbine rotative speed was nieasuied with an electronic counter that registered the 
impulses as the teeth on a sprocket mounted on the turbine shaft passed a stationary 
magnetic pickup. Turbine torque W'as measured as the reaction torque on the cradled 
dynamometer stator with a strain-gage load cell. The load cell and the digital volt- 
meter readout system were calibrated before and after each day's running. 

The turbine was instrumented at three axial positions (fig. 9(a)). At the inlet to the 
stator (station 0) the instrumentation consisted of six wall static-pressure taps, one 
rake of five thermocouples, and two Kiel total-pressure probes, all located as shown in 
figure 9(b). Three static-pressure taps were installed on tlie iimer walls and three on 
the outer walls in the circumferential locations sho\\Ti in figure 9(b). The thermocouples 
were used with a recovery' calibration to yield turbine inlet total temperature. The five 
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thermocoupiB sensing heads were located a: the area center radii of five equal annular 
areas. The iael total-pressure probes were cwuiected to mercury manometers in the 
control room; the manometers were used solely for setting and monitoring the desired 
turbine inlet total pressure daring tests. 

At station I (see fig. 9(a)), between the stator and the rotor, the static pressure 
was measured ay three taps oa the inner shroud and three on the outer shroud slightly 
do«-nstream of the stator blade trailing edges and on the projected flow passage center- 
line. These f>ressure measurements were assrmed to indicate the average stator out- 
let pressui at the hub and tip ladii. 

Turbine outlet txmditions were measured at station 3 (fig. 9(a)), located axial 
rotor blade chord lengths downstream of the rotor blades. The instrumentatiou included 
eight str tic-pressure taps and provisions for 10 flow-angle measurements. The ei^t 
taps w jre located with four on both the inner and the outer walls, each set being equally 
spaced circumferentially with the corresp<Hiding inner and outer taps at the same cii^ 
cumferential position (fig. 9(b)). The 10 turbine outlet flow-an^e measurements were 
taken by using two actuators, each equii^d with an an^e- sensitive and self-alining 
probe. The circumferential positions of the actuator axes were stator blade pas- 
sages apart. For each test data point, tiien, the probes were traversed radially to the 
area center radii of five equal annular areas, and at each stop the indicated flow angles 
were recorded. The observed 10 readings were subsequ^i*’ nerically averaged. 

Each item of research data information was converteu electrical signal by an 
appropriate transducer and transmitted to a 100-channel uau. recording system. The 
recorded data and the necessary calibrations were thai used as input to the computer 
program to obtain the performance parameters. In addition, all the pressures were re- 
corded by photographing a mercury manometer board. Mass flow indicating data (tem- 
perature and pressures), torque, speed, and flow angle were also hand recorded for a 
number of selected data points at design speed. These points were then manually com- 
puted to verily the automatic data recording system and the computer program. 

The turbine was operated at nominal irlet conditiems of 1.33 atmospheres and 378 K 
(680° R). The speeds investigated were 80, 90, 100, 110, and 120 percent of design 
speed. At each speed data points were taken over a range of pressure ratios bracketing 
the design total-pressure ratio of 1.292. 

The turbine efficiency was based (»i total-pressure ratio. The inlet total pressure 
was calculated by using static pressure, mass flow, and total temperature as follows: 


__y/ (v-l) 


!o=l 

Po 





w 


\Po^o> 




( 1 ) 
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The outlet total pressure was calculated simuurly; however, since the flow is not axial 
at the outlet, the flow angle must be I.icluded in the equation: 



The total temperature Tg in equation (2) was determined from inlet total temperature, 
turbine torque, speed, and mass flow. The angle a in equation (2) is the average de- 
viati<Mi from the axial direction, irrespective of sign. 

The data were faired to obtain the performance map in the following manner: 't he 
data for each of the three e:qperim^tally obtained parameters, equivalcmt torque, 
equi .alent mass flow, and outlet flow angle, were first plotted as functions of inlet 
total- to outlet static-pressure ratio. Smooth curves were faired chi tiiese plots tnrou^ 
the experimenuti data points for each speed. The p'‘i*formance map was then construc- 
ted by using the faired vaiue of equivalent torque, equivalent mass flow, and outlet flow 
angle for the particular total- to static-pressure ratio and turbine speed. 


RESULTS AND DBCU^I<»I 

This ofcction includes the overall single-stage turbine performance, a comparison 
with ccMitempomry hi^-stage- loading- factor turbines, and a discussicm of possible 
blading adjustments. 


Overall Stage Performance 


The experimental data are shown in figures 11 to 13 with equivalent tortme ct/6, 

equivalent mass flow tw and outlet flow angle a shown as functions of the 

total- to static-pressure rat»o Pq/Pj- smooth curves were faired through the data 
points in these figures, and the faired quantities were used to construct the perfoi ...ance 
map, as discussed in Uie previous section. The maximum deviation from the faired 
cun es is w ithin 1/2 percent ‘‘or torque (fig. II) and within 1/-I percent for mass flow 
(fig. 12). The deviation in flo. angle (fig. 13) is in most cases within l/2*^. The 
c^quivalent toiquc curves (fig. 1 1) indicate that the turbine did not approach limiting 
loading at any speed for the langc of pressure ratio investigated. The fact that the 
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limiting-loading pressure ratio would be Car removed from that corresponding to design 
work output would be anticipated for this design because of its low blade speed and low- 
blade relati\’e Mach number. Design speciSc work output occurred at a total- to static- 
pressure ratio of about 1. 56 at design speed. The equivalent mass flow curves (fig. 12) 
show that the turbine chokea at all speeds at the higher pressure ratios. The choking 
mass flow was dependent on rotor speed, which indicated that the duddng occurred in 
the rotor blade. 

The ox-crall stage performance map constructed from the e3q>erimental data is 
shown in figure 14. The efficiency varied from a low \-alue of 0.80, which occurred at 
80 percent speed at a total-pressure ratio p^p^ of 1.37, to a hi^ value of 0.89, 
which occurred at 120 percent .speed at a total-pressure ratio of 1. 27. A maximum or 
peak efficioicy was not defined^it any of die pressure ratios. At design equivalent spe- 
cific work output (17.416 J/g, 7.482 Btu/lb), the highest efficimiQ’ obtained was be- 
tweea 0. 885 and 0. 89. The first pvo points of interest to be discussed are denoted in 
figure 14 as A and B. Point A represents equivalent design specific work output at de- 
sign speed, and point B represents equivalent design mass florw at design speed. The 
turbine equivalait design specific work ouqxit (point A) occurred at an efficiency of 
0. 858, which is very close to the revised estimated efficiency for file modified first 
stage, 0. 857. The mass flow at design work extractiem was 1. 05 times file design 
\alue. This excess mass flow can be noted in figure l4 by comparing the abscissa val- 
ues of points A and B. The excess mass flow occurring at design work extraction indi- 
cates the desirability d a blading geometry adjustment. The points C, D, and F are 
located in figure 14 at the specific work ouqiut values correspmiding to the design stage 
loading factor at 90, 110, and 120 percent of design speed, respectively. The line con- 
necting these points (and point A) represents operatimi at the design stage loading factor. 
At 90 percent speed (point C), the efficiency at the design stage loading factor was the 
same as that at design speed, 0. 858. At llO and 120 percent of design speed (points D 
and E), the turbine operated at the design stage loading factor with an efficiency between 
0. 865 and 0. 87. The highest efficiency indicated at the design stage loading factor was 
0. 87, at approximately 116 percent of design ^leed at a total-prcssui-e ratio of 1.415. 
The specific work output at this point was 1. 34 times the design value. 

In summary, the performance results indicate that the turbine achieved a maximum 
efficienc;,' at the design stage loading factor of 0. 87 .at 116 percent of design speed. The 
efficiency at design speed and design work output was 0. 858. The excessive mass flow 
(1. 03 times design) at this condition indicates the desirability of a blading geometry ad- 
justment. 
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Comparis<xi of Performance of Fan-Drive Turbine and Contemporary High- 
Stage- Loading- Factor Turbines With Predicted Performance 


As discussed in the section TURBINE DESIGN, at the time the turbine was designed 
diere were no eiqpetimental data available for turbines operating widi higb stage loading 
factors frem which to estimate efficiency. The estimating method used was based on 
extrapolation of loss coefficients obtained from turbines operating with conventional 
stage loading foctors (below 2.0). Since the turbine was designed, however, e^qperi- 
mental results for high-stage-loading-factor turbines have been reported in references 
9 and 10. The performance lev^ from die reference turbines are cited for an inlet 
pressure of 1. 33 atmospheres in order to coirqpare the reference results with diose of 
die sidiject turbine at jqpproximately the same blade flow diannel R^ncdds number. 

The turbine of reference 10 was a 4-^-stage turbine with an average stage loading 
factor of 5. This turbine adiieved design work output at an efficimicy of 0. 845 at an in- 
let pressure of 1. 33 atmospheres. The overall effici^cy was estimated for this tur^ 
bine by using the design stage loading factors (from ref. 10) and the estimated stage 
efficiencies (from ref. 3) . This estimated overall efficimiry, not including the oudet 
turning vane loss, was 0. 847. The outlet turning vane loss in turn aas calculated (by 
using ref. 8) to cause a decrease in overall efficimicy of 0. 004. When this loss is con- 
sidered, the esqierimental performance is in dose agreement with that predicted by 
using refermicc 3. The individual stage effidendes, however, could not be determined 
from reference 10 because the investigation was limited to the (me configuraticm, that of 
die complete 4-^-stage turbine. 

The turbine of reference 9 was a three-stage turbine writh an average stage loading 
iuctor of 3. The first >tage of this turbine, wfai<di had a stage loading foctor of 4. 2, 
was tested as a single-stage turbine. This (xmfiguration devdoped design work output 
with an efficiency of 0. c(68 at an inlet pressure of 1. 33 atmospheres. The efficimicy 
estimated from reference 3 for this turbine stage was 0. 879, or about 1 point hi^er 
(fig. 15). The reference turbine was also run at increased inlet pressure tc determine 
the effect of Reynolds number on performance. The efficiency obtained at the highest 
inlet pressure (2. 67 atm) is also shown in figure 13. This increase in Reynolds num- 
ber effected an improvement in efficiency of slightly over 1 point, and the efficiency at 
the highest inlet pressure was verv close to the preciicted efficiency from reference 3. 

The efficiency predicted from the reference 3 curve for the subject single-stage 
turbine was 0. 882, or 1. 2 points higher than the maximum (0. 87) obtained at the design 
stage loading factor (fig. 15). This result coincides closely with that obtained for the 
similar type single-stage turbine of reference 9 at the inlet pressure of 1. 33 atmo- 
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spheres. The subject turbine could not be operated at higher inlet pressure because of 
facility’ limitations. 


Blading Adjustment 

Velocify diagrams were constructed from the eiqperimental data for points A and B 
on the performance map (fig. 14). In this procedure it was assumed that the average 
Qo\»* ctmditioos coidi be represented b>' a single diagram at the mean radiusT^Thf.^- 
perimental quantities used were equixalent mass flow, average outlet flow angle, 
equivalent specific «'ork output, and total- to static-pressure ratio. The diagrams for 
points A and B are presented in figures 16(a) and (b), respectively, and are conopared 
with the design mean radius diagram. The conparison indicates that undeituining oc- 
curred in botii blade rows. The stator outlet flow was undertumed by 1. 4^ and that of 
the rotor by 1. 7^. At the condition of design mass flow (fig. 16(b)) the velocity vectors 
are smaller than design because they are oriented too close to the axial direction and 
the necessary diange in angular momentum of the flou* is not developed. As the pres- 
sure ratio is increased to produce design pecific work (fig. 16(a)), the axial velocity' 
and the mass flow become too large. The conditi(xis of design mass flow and design 
specific work could be made to coincide (or veiy nearly so) by making the indicated 
blade angle adjustments. It is felt that this would also cause the efficiency' at design 
work ouput to increase since the peak effici<dicy regitm would tend to fall closer to the 
design point. 


SUMAL\RY OF RESULTS 

A 3-|-stage turbine w'ith a stage loading factor of 4 was designed to drive the fan of 
an integral lift engine. The first stage of this turbine was investigated eperimen tally 
in cold air. The following results were obtained from the eperimental in\estigatioo: 

1. The highest efficiency obtained at the design stage loading factor was 0. 87, 
which was indicated at 1 16 percent of design speed at a total-pressure ratio of 1.415. 
The corresponding specific work output was 1. 34 times the design value. 

2. The efficiency of 0. 87 was 0. 012 lower than that estimated from a reference 
prediction method. This result coincided closely with that obtained from a reference 
single-stage turbine of a similar type when the reference turbine was operated at ap- 
pro.ximatcly the same Reynolds number. 

3. The turbine efficiency at design speed and design equivalent specific work out- 
put was 0. 858. The e.xcess mass flow at this condition (l.Oo times design) indicated 
the desirability of a blading geometry adjustment. 
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4. The veloi'ity diagram constructed from the experimental woilc output, outlet 
'^ow ang^e, mass flow, and total- to static-pressure ratio indicated that the flow was 
undertumed in the stator blade row and the rotor blade row fay 1. 4° and 1. 7^, respec- 
tively. 

5. The hipest efficiency obtained was 0. 89, which occurred at 120 percent of de- 
sign speed at a total-pressure ratio of 1. 27. A maximum or peak efficiency was cot 
obtained for the range test conditions covered. 

Lewis Researdi C«iter, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, June 18, 1975, 

505-04. 
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TABLE 1. - PERTINENT FEATL RES W BLADE DESI^* 


Blade roar 

Number 

of 

blades 

BUde 

length. 

t. 

cm 

BUde 

chord 

at 

mean 

radius, 

cm 

SoUdl^ 

at 

mean 

radius, 

m m 

Aspect 

ratio. 

Zardfel 
loading 
coeflicient 
at mean 
radius. 
Z 

Leading 
edge 
radius 
at mean 
section, 
cm 

Trailing 

edge 

radius, 

cm 

Reaction 

at 

mean 

radius. 

Prcwhiii vmes 

80 

6.800 

2.658 

1.359 

2.56 

0.570 

0.013 

0.013 

0.267 

Stator 1 

ss 

9.55 

5.222 

1.836 

1.83 

,780 

.102 

.063 

.176 

Rotor 1 

97 

10.500 

2.898 

1.797 

3.62 

.901 

.063 

.038 

.116 

Stator 2 

109 

11.890 

3.096 

2.157 

3.84 

.799 

.051 

.038 

.367 

Rotor 2 

97 

13.172 

2.898 

1.797 

4. 54 

.901 

.063 

.0.38 

.416 

Stator 3 

109 

14.986 

3.096 

2.157 

4.84 

.799 

.051 

-038 

.367 

Rotor 3 

99 

16.749 

2.898 

1.797 

5.78 

.901 

.063 

.038 

.416 

Outlet tumJng 
vanes 

69 

16.749 

2.883 

1.272 

5.81 


.013 

.013 

-.576 


TABLE a. - T RBDCE BLADE CXKIRDINATES 
tai PiT«t>iri vanes 



Section 

radius. 

cm 

i.eading 

edge 

diameter. 

cm 

Trailing 

edge 

diameter. 

cm 

Axial 

chord, 

cm 

«L- 

cm 

cm 

Ma.ximiun 

thickness 

at 

midchord, 

cm 

Orientation 

angle, 

o, 

deg 

21.501 

0.025 

0.025 

2.565 

6.025 

3.663 

0.127 

17.33 

24.901 

.025 

.025 

2.565 

7,130 

n.993 

.127 

15. 16 

2K.301 

.025 

.025 

2.565 

8.684 

4.308 j 

.127 

13.37 


18 





TABLE a - Contiau«U. 


lb* <utor 


<0 First-»laiev rocor 



n 

Hub 

Mean 

Tip 


X. 

1 

J 

1 









cm 






1 

■ 


SrcUm ndlus. c 

m 






SccttoB ndte. c 


J 

■ 

20.127 

24. 



901 

29.675 



19.65; 

24.901 

30.151 

■ 


OrtontatiOB 











■ 

25.20 

22 35 

20.25 



7, 

23 

15.30 

23.47 1 

■ 

D 


D 

n 

H 

w 




StecUnc cvox^ibmtn. 

cm 




cm 














SsE 


SgjS 


5m5 

mmm 



1.285 

V - 0.632 

X* 1.270 

Y < 0.526 

X- i.32l| 

Y«- 0.411 

0 

0.102 

0.102 

0.102 

0.102 

0.102 

0.102 









.102 

0 

.284 

0 

.257 

0 

.241 



B9 


B9 


1 


.305 

.130 

.551 

.114 

.472 

.094 

.424 



WBM 

K9 

B 

cm 

1 

KS 

508 

.272 

.770 

.239 

.663 

.198 

.592 


0 

0.048 

0.048 

0.063 

0.063 


0.079 

.711 

386 

.945 

.345 

.831 

.297 

.739 


-127 

.063 

.292 

.033 

.272 

BkSV 

.249 

.91$ 

.478 

1.069 

.434 

168 

.389 

.874 


.254 

.190 

-478 


.429 

.109 

.378 

1.118 

.544 

1.151 

505 

1.077 

470 

.988 


.381 

.305 

.627 


.561 

.185 

.490 

i.m 

.592 

1 201 

.564 

1 163 

.541 

1.085 


.508 

.404 

.749 


673 

.247 

.504 

1.524 

.622 

1.227 

.607 

1.229 

602 

1.163 


.635 

.488 

.853 


.759 

.300 

.650 

1.727 

.638 

1.232 

.638 

1 275 

.655 

1.227 


.762 

.556 

.932 

Hi 

.836 

.338 

.709 

1.951 

.640 

1.217 

.656 

1.298 

.699 

1.273 


889 

.•07 

.991 

.485 

.871 

366 

.747 

2 154 

.630 

1.181 

.663 

1.303 

.734 

1.303 


1.016 

.648 

1.029 

.513 

.902 

.384 

.767 

2 337 

.607 

1.128 

.650 

1.293 

.757 

1.321 


1.143 


1.049 

.531 

.912 

.391 

.772 

2 540 

-577 

1 059 

.548 

1.267 

.76? 

1.323 


1.270 


1.052 

.538 

.907 

.389 

.767 

2.743 

.536 

.983 

.630 

1.227 

.767 

1.313 


1.397 


1.039 

.533 

.889 

.381 

.752 

2.946 

.485 

897 

.602 

1 173 

757 

1.293 


1.524 


1.011 

SIB 

.858 

371 

.726 

3.150 

.422 

.808 

.572 

1.113 

.737 

1.265 


1.651 

.630 

968 

.495 

816 

.353 

.696 

3.3S3 

.356 

709 

.533 

1.041 

.769 

1.227 


1.778 

.592 

.909 

.465 

767 

.335 

.650 

3.556 

.282 

.602 

.490 

963 

.673 

1.129 


1.905 


.838 

.427 

.709 

.315 

015 

3.759 


488 

.442 

.881 

632 

1.125 


2.032 


757 

384 

.645 

287 

.506 

3.962 


.361 

.394 

792 

.587 

1.064 


2.159 


665 

.333 

.577 

259 

.515 

4 166 

Wm 

.229 

.330 

.699 

.541 

.998 


2.286 


566 

.279 

.500 

229 

.462 


wm 

1 VT 






2.413 


.480 

.221 

.422 

193 

.406 

4.348 

.063 

063 

— 

— 

HH 

— 


2.540 


343 

160 

.335 

15$ 


4 369 

— 

— 

.269 

597 


.927 


2 667 


.213 

097 

241 

114 


4 572 



.203 

493 

4-19 

848 


2.794 


-- - 

030 

.142 

074 





2.817 

038 

.038 




mmm 

4 775 

— 



135 

376 

384 

1 .767 


2 898 


.038 

.038 


mSm 

4 978 



064 

254 

323 

.681 


2 921 







.030 

.140 

5 159 
5- 182 



0 

140 

.262 

587 


3 053 









038 

1 .038 

5 222 


t 

063 

063 









5 385 


I 


490 








5 588 






384 








5 791 






774 








b . 027 






137 








6 091 

— 


— 


06.1 

1 .063 























































































































































































































































Figure 1. - Comparison of trend of efficiency with stage 
loading factor from reference 3 with that used in de- 
sign of subject turbine. 
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Figure Z ♦ Turbine design velocity diegrams. 
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Figure 5. • Sctwnatic of rtesir turtMne titadiag preTiles and flow passages. 
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Critkil vtlocHy rKlo. V/V. 
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Figure II - Variation of equwaicnl mass now wMi total* to static iiressurc ratio lor various spoeds 
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Figure 15. - Conparfeon of single-stage efTtCiercies olh 
tainedwWi sul^ turtMne and luitlne of reference 9 
with efficiency - stage- loading- tactof trend predicted 
by reference 1 
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